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ABSTRACT
The effect of temperature on the relative movement of none to the 
developing solvent, which is expressed by the R-value in adsorption 
chromatography, was studied between * 50°  and 200° G* Silicic add was 
used as the adsorbent$ azobenzene, sudan III, p-hydroxyazobenzene, 
p-aminoasobensene and 1, A^dibutylaminoazober. gen©, as the adsorptivesf 
diphenyl ether, n-butyl ether and iso-propyl ether, as the solvents*
A special chromatographic tube was designed and was found to be 
satisfactory for experiments over the range of temperatures studied*
It was essentially a chromatographic tube with concentric liquid and v 
vacuum chambers*
R-values of different systems were determined at various temperatures*
v
The results were interpreted qualitatively on the assumption that the ad­
sorption takes place primarily through hydrogen-bonding and is dependent 
cm the dynamic equilibrium set up among the adsorbent, adsorptive and sol­
vent, as expressed in the following diagrams
A
^  ^  Adsorptive 
Adsorbent C  ^  I C
t
Solvent
In the diagram above, A, B and 0 represent the hydrogen bonds formed 
among the constituents* A-bonding is related to the "adsorption affi­
nity" of the adsorptirej B-bonding, to the "competition effect" j C- 
bending, to the "solvation effect" of the solvent* The "competition 
effect" and the "solvation effect" may be together called the
Vi
•solvent effect** The “solvent effect* tends to hinder the adsorption* 
thus Increasing the R-value* In system® using non-poler solvents, B 
and C bondings are negligible* In systems using polar solvents* A, B 
and C bondings are Involved*
The results Indicated that the sterie effect* resonance effect and 
inductive effect also play an important role in influencing the adsorp­
tion and* at lev temperatures* the diffusion rate of adsorptive mole­
cules in the solvent became an important factor*
The results obtained in this present work seem to substantiate the 
observation that adsorption on the usual adsorbents* excluding charcoal* 
is generally due to chemical interactions* primarily hydrogen-bonding* 
This had been advanced as a hypothesis by previous investigators from 
results obtained over a narrow range near room temperature*
INTRODUCTION
The R-ter«, ratio of the movement of zone on column tb the movement 
of solvent in column, has been accepted as a fundamental quantity in 
chromatography* Its dependence on the adsorption column position, initial 
concentration, volume of the solution and the rate of flow of developing 
solvent have been Investigated (22, 16). LeRosen and Rivet (17) studied
o d
the effect of temperature within the range of 10 to 70 G, on the systems
\
ef o-nitroaniline-silicic acid-bensene, o-nitroaniline-silieic aetd-chloro- 
form and lycopene-calcium hydroxlde-benasene• They found that the R-value 
of all these three systems increased with the Increasing temperature,
The first objective of the present investigation was to extend the tern-
/  °  0  Vperature study over a wider range (-50 to 200C,), employing systems of 
lew, medium and high R-values,
The work of LeRosen and coworkers (19), Elder and Springer (9), and 
Schroeder (25) at room temperature has indicated that the adsorption on 
silicic add primarily takes place through hydrogen-bonding. The second 
objective of this study was to find out if the discussion of the tempera­
ture dependence in terms of hydrogen bonding was valid over a wider 
temperature range and with solvents and adsorptives of selected properties.
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REVIEW OF LITERATURE
Chromatography la essentially a method for the separation of sub­
stances, based on differences In adsorption affinities* The technique 
as described in 1906 by Twett (31) remains essentially the same in 
principle today as when it was originally developed* in recent years, 
however, the method has been modified and has been applied successfully 
in many of the various branches of chemistry* Excellent volumes (3, 35, 36) 
have been published which discuss in detail the various principles, modi­
fications, and applications of chromatographic technique*
The ehronatographic technique depends upon a dynamic distribution 
of dissolved or dispersed substances between two Immiscible phases, one 
ef which is moving past the other* They could be a solid phase and a 
liquid phase as in adsorption chromatography or could be two immiscible 
liquid phases as in partition or paper chromatography* This dynamic dis­
tribution is generally reversible, and can be expressed by the equation 
(27):
Stationary phase r - ^ Mobile phase
In practice, adsorption chromatography is a process for separating 
substances by passing a solution of these substances through a column 
of adsorbent and then developing the column with a suitable solvent* As 
the solution passes through the chromatographic column It can be con­
sidered, at first, that all the different constituents are adsorbed but 
those with a higher affinity for the adsorbent subsequently displace 
those with weaker affinity* Finally, the different components of the 
solution will become arranged on the column in the order of their
2
adsorption affinities; those of higher affinity being at the top. The 
hands or zones move downward upon development, because of the reversible 
nature of the adsorption* The relative rate of movement of the zone com­
pared to the rate of movement of the developing solvent depends upon 
many variables, among which are temperature, adsorption affinity of the 
adsorptive, adsorbent characteristics, and the nature of the solvent.
The development of chromatography to its present state may be di­
vided into several periods* The period between the discovery and 194-0 
was characterized by the increasing popularity of this technique and Its 
empirical applications to many problems of separation, particularly in 
the field of natural products. The technique remained practically an art. 
The publication of a paper In 1940 by Wilson (34) marked-' the beginning 
of a period of development of quantitative or mathematical treatments.
This development was followed by work relating adsorption isotherms and 
chromatography (4, 5, 8, 11, 32, 33), with some attention to reaction 
rates (17). Recently, there has been a trend toward the study of the 
quantitative relationship between the structure of the adsorptive and its 
chromatographic behavior. Brockman (2) proposed an adsorption sequence 
for certain functional groups on alumina; LoRosen, Monaghan, Rivet, and 
Smith (13) developed a mathematical statement of the relation between 
structural parameters of the molecule and adsorption on certain adsorb­
ents; Smith and LeRosen (26) studied the effect of side chains on chro­
matographic adsorption; Schroeder (25) studied the hydrogen bonding and 
relative adsorption affinities*
As a result of the requirement of a quantitative approach to the 
chromatographic phenomena, two methods have been developed for the ex­
perimental studios. One is based on the variation in the concentration
4of the substance in the filtrate from the column* The other depends 
on the movement of a zone on the adsorption column, Cassidy (A), Cas­
sidy and Wood (5), Claasson (6), and tYeil-Malherbe (32) have used the 
first method* Jacobs and Tompkins (12) have used both, while LeRosen 
(14, 15), Martin and Synge (22), Austin and Shipton (l) have used the se­
cond method*
LeRosen (14) proposed that the term R be used to characterise the 
movement of zones on the column* It is now recognized as a fundamental 
quantity in chromatography, A similar term has been suggested also by 
Martin and Synge (22), This term R was defined by LeRosen as the ratio
of the distance a zone moves on the column to the distance the developing
solvent moves on the column, A modification, ’Rf” (7) (also ”R^” (16) )re- 
fers specifically to the front edge of a zone, has been used to refer 
to the trailing edge of the zone, R generally refers to when no sub­
script is attached. It has been hoped that when all the factors influenc­
ing the term R are known It will be possible to use It for the description 
or comparison of the strength of adsorbents and developers, for the de­
termination of the optimum conditions o^ separations and, possibly, for 
the identification of substances.
The quantitative relationship between the R-value and some variables 
has been studied by several investigators* Martin and Synge (22) con­
cluded that R was Independent of column position but depended to some 
extent on the initial concentration of the solution and the initial 
volume of solution poured on the column. These results have been checked 
by LeRosen (16), who found to be independent of the column position 
and to vary with the Initial concentration and to a less extent with the
initial volume* He found R^. to be practically independent of column
5position, initial concentration, and initial volume* He also developed 
an empirical equation for the caleulat5 on of from the initial concen­
tration and volume. The calculated results were in fair agreement with 
the observed values*
Austin and Shipton (l) have shown that R is independent of the rate 
of flow of the developing solvent through the column* Strain (20) has 
indicated that the adsorption sequence of certain organic compounds is 
dependent to some extent on temperature * LeRosen and Rivet (17) found 
that the R versus temperature curves of all three systems they investi­
gated showed a flat region at about 20° to 35° C., and two out of the 
three showed rapidly increasing values of R with temperature outside of 
this region* The temperature range studied was 10° to 70° C*
LeRosen (15) has shown that R may be represented as the fraction of 
the total time spent in solution by a solute molecule as it moves down 
the column* If Ts designates the average time a solute particle spends 
in solution between successive adsorptions and Ta the average time the 
particle spends on the adsorbent, then
the rate of move- 
solvent; therefore,
solvent
for the temperature 
the R-temperature
Ta +  Ts
Since the solute moves with the solvent during Ta, 
ment of the dissolved solute is the same as that of the
T
Velocity of zone g (   fl - ) Velocity of
T « +  Ts
LeRosen and Rivet (17, 2U) have developed theories 
dependence of Ta and Ts and have explained successfully 
curves they obtained experimentally*
EXPERIMENTAL DETAILS
Difficulties were encountered in designing apparatus which would 
work satisfactorily for both the low and high temperature experiments* 
After many failures, the following apparatus was found satisfactory*
(I) Chromatographic Tube*
This was a specially designed tube (Fig* I*)* Its construction Is 
clearly shown in the drawing of Fig. II* It was essentially a No* 1 
chromatographic tube (inside diameter, 9 mm*} length, 150 mm*) with con­
centric liquid and vacuum chambers around the tube* Liquid at a definite 
temperature was circulated through the liquid chamber by means of a cir­
culating pump (Model 5P5&HC37, Hp 1/15, KBS 5000, General Electric Com­
pany) thus keeping the tube at a constant temperature* The vacuum cham­
ber was for insulation* At temperatures down to -50° C. no frost was 
formed on the outside of the tube; consequently the movement of the zone 
could be observed without difficulty*
A scale 75 mm* in length, marked in 1 mm* intervals, was printed in 
ink on the outside of the vacuum chamber. It was used for the measurement 
of the movement of the zone*
(II) High Temperature Bath
The container for the circulating bath was a 4"liter beaker set inside 
of a crock* The space between the beaker and the crock was filled with 
rock wool for insulation* A stirrer, a heating coil, a thermometer and 
two aU-shaped" glass tubes for heating solution and solvent were placed in 
the beaker. One end of the nU-shaped” glass tube was bent downward and
6
drawn to a fine tip to facilitate the introduction of solution or solvent 
into the column* The solution or solvent was Introduced into th© tub© 
through the other end of th© tube with th© help of a small funnel* The
arrangement of this bath Is shown in Fig* III*
Harcol was heated tc the desired temperature in the beaker and cir­
culated through the heating jacket of the tube* The speed of heating,
pumping and stirring were regulated by separate powerstats (Type 116, 
Maximum output 7*5 A.; Superior Electric Company, Bristol, Conn*)
Regular rubber tubing was used for connecting the chromatographic 
tube, the pump and the temperature bath* It was found to work satisfac­
torily* However, at temperature higher than 120° C. the tubing swelled 
somewhat*
(III) Low Temperature Bath
Th© low temperature bath was a tin can with a large flange, set 
inside the same A-liter beaker which was used for the high temperature 
bath* The arrangement is shown in Fig* IV. Inside th© tin can, there 
were a stirrer, a thermometer and two glass tubes for cooling the solu­
tion and solvent*
Ethyl alcohol was cooled inside the tin can by a cooling mixture of 
ethyl alcohol and dry Ice* The cooling mixture was nut in the space be­
tween the tin can and the beaker* Small pieces of dry ice were introduced 
through a whatch1* on the flange* The temperature was kept constant to 
within + 1 °  C* by regulating the rat© of introduction of the dry ice.
The purpose of the flange was to keep the carbon dioxide gas from 
being absorbed by the alcohol inside the tin can* When the alcohol ab­
sorbed carbon dioxide gas, the alcohol became opaque, making It impossible
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te observe the movement of the sone* Also, when the pumping was sto ped, 
the dissolved carbon dioxide was liberated and produced a positive pres­
sure in the system which made it impossible to start the pumping again.
It was found that the tin can with a flange described above was the best 
and the simplest solution to the segregation of carbon dioxide and alcohol.
(IV) Vacuum Pump
The vacuum pump used was Cenco-Hyvac pump, made by the Central 
Scientific Co., Chicago.
Matprjplg
(I) Adsorptives
Azobenzene —  C.P., Fisher Scientific Company 
p-Hydroxyazobenzene —  Eastman Kodak Company 
Sudan III —  Eastman Kodak Company 
1, 4-Dibutylaaiinoanthraquinone —  L.S.U. stock 
(U) Adsorbent
Merck reagent- grade silicic acid, batch Ko. 71502, was used. The ad­
sorptive power of silicic acid varies with its water content (30). There­
fore, In order to maintain the uniformity of its adsorptive power, the 
silicic acid was heated at 200° C. for one hour to remove the "free water”,
(III) Solvents
Diphenyl ether —  Eastman Kodak Company, redistilled. The 
fraction boiling between 259° and 262° C. was used.
n-Butyl ether —  Eastman Kodak Company
Isopropyl ether —  Eastman Kodak Company (free of alcohols) 
dried over sodium wire.
iS
jjftSkf&fl
(X) Solutions
The concentrations of solutions used were 0.01 fill*, 0*001, M. and 
0.0001 M. These were chosen as the lowest concentrations which gave zones 
of sufficient color intensity to permit their movements to be observed 
readily.
(II) R-Value Determination
The column was paeked to a length ©f 75 £ 1  mm. under the full V©1^
\
cuum (about 29" of mercury) supplied by the vacuum pump* Silicic add was 
poured into the tube to approximately the correct height before the vacuum 
was turned on. The packing was accomplished by adding more silicic acid 
and tapping the top of the tube with a wooden stamper until no further 
settling occurred. The top of th© packing was smoothed off without 
applying pressure and brought even with the zero mark of the scale on 
the outside of the tube* r
After three minutes of circulation of the hot or cold liquid from 
the temperature bath, sufficient solution to occupy one centimeter of the 
column was Introduced and then followed by the solvent at the moment wheri 
the top of the column was almost dry* Both the solution and the solvent 
were brought to the temperature of the bath before they were introduced 
into the column. The solution and solvent were introduced into the 
column by blowing into a small piece of rubber tubing attached to the re­
ceiving end of th© "U-shaped” glass tubes described in an earlier section.
Th© movement of the zone and solvent were carefully measured against 
the scale outside the chromatographic tube. Positions of the front and 
trailing edges of the zone were recorded when the solvent reached the
upositions of 25, 50 and 75 ®nu from the top of the column, and R^ and 
were calculated by the following equations!
m Distance traveled by the front edge of the zone
Distance traveled by th© solvent
m Distance traveled by th© trailing edge of the zone
Distance traveled by the solvent
For R^, the average of three readings was taken# Until the solvent moved 
past the 25 mm* position, the trailing edge of th© son© usually moved 
very little; consequently, measurements of R^ at this stage were not very 
accurate* Therefore, was averaged from two readings taken after th© 
solvent had moved 50 mm* and 75 mm*
Sometimes the zone was irregular and the edge of the zone was not 
sharp* Consequently the detarmination of the position of a zone was 
somewhat arbitrary* When the edge of the son© was irregular, an average 
of three readings around the column was taken for th© proper Rg value*
When the edge was not sharp, the reading was taken at the position where 
the color was distinct* Usually th© trailing edge of a zone was not sharp.
After the R-determination was completed, the vacuum was turned off, 
the tube removed and the column extruded* The circulation of the cold 
or hot liquid was not interrupted*
There ras a definite difference between the temperature In the 
chromatographic tube and the liquid in the temperature-controlling bath. 
This was due tc the cooling effect of th© air in the high temperature 
determinations and th© warming effect of the air in the low temperature 
determinations* However, this difference remained constant under tb© ex­
perimental conditions. These differences were first determined at various
temperatures by putting one thermometer in the tube and one in the bath* 
Slight variation of room temperature did not change the temperature dif­
ferential between the bath and the tube* Th© powerstats of the stirrer, 
pump and heat ng coil were set at definite values* The E-value determina­
tions were corrected for these differences in temperature* The tempera­
tures reported in the results were those of the tube* It was possible, 
under the conditions of the experiments, to keep the temperature constant 
within 1 1 °  C* for any desired period of time.
EXPERIMENTAL RESULTS
The R-values obtained in different systems are listed in the follow­
ing tablesi
TABLE I 
AZC83ENZENE IE PRENYL ETHER 
The concentration of the azobenzene solution was 0*01 M.
Temperature
(° c.) I
Rf
II Average I
Rt
II Average
30 0.80 0.81 0.81 0.29 0.33 0.31
60 0.90 0.90 0.90 0.45 0.46 O.46
80 0.95 0.95 0.95 0.53 0.49 0.51
100 0.99 0.98 0.99 0.53 0.50 0.52
120 0.99 0.99 0.99 0.60 0.58 0.59
140 0.99 0.99 0.99 0.63 0.62 0.63
160 1.00 1.00 1.00 0.63 0.6 5 0.64
180 1.00 1.00 1.00 0.63 0.63 0.63
200 1.00 1.00 1.00 0.64 0.65 0.65
The above results ere plotted in Fig* V.
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TABLE II
R-VALUES OF SUDAN III IN PHENYL ETHER
The concentration of Sudan III solution was 0.01 M.
Temperature
(• e.) I
R^
n Average 1 II Average
30 0,36 0.37 0.37 0.09 0*09 0.09
60 0.57 0.51 0.54 0.25 0.15 0.20
80 0.68 0.69 0.69 0,28 0.29 0.29
100 0.74 0.74 0.74 0.37 0.36 0.37
120 0.88 0.89 0.89 0.37 “ 0.38 0.38
u o 0.94 0.95 0.95 0.47 0.47 0.47
160 0.98 C.97 0.98 0.50 0.50 0.50
180 0.99 0.98 0.99 0.52 0.51 0.52
200 0.99 0.99 0.99 0*56 0.56 0.56
The above results are plotted in Fig* VI,
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TABLE H I
R-VALUES OF P-HSDEOIYAZOBEKmiE IN PHSOTL EWER
The concentration of P-hydroxyasobenzene solution was 0.01 M,
Tenperature Rf Bt
' c .) I II Average I II Average
30 0.08 0.10 0.09 0.01 0.02 0.02
60 0.15 0,13 o . u 0.07 0.06 0.07
80 0.20 0.20 0.20 0.12 0.11 0.12
100 0.27 0.27 0.27 0.15 0.12 o . u
120 0.33 0.34 0.34 0.16 0.17 0.17
140 o . u 0.41 0.43 0.23 0.20 0.22
160 0.47 0.43 0.45 0.28 0.23 0.26
180 0.52 0.52 0.52 0.32 0.33 0.33
200 0.65 0.61 0.63 0.34 0.33 0.34
The above results are plotted In Fig. VII.
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TABLE IT -
E-VALUES OF SUDAN III IN N-BUTYL ETHER
The concentration of Sudan III solution was 0*001 M
Tenperature
<• c.) I II
Rf
III IV Aver. I
H
ii III IV Aver.
-50 0*93 0.94 «* mm 0.94 0.35 0.33 - m 0.34
-30 0*90 0.93 0.93 0.94 0.93 0.25 0.25 0.32 0*32 0^29
-10 0.94 0.93 0.94 0*93 0.94 r.29 0.30 0.35 0.35 0.33
10 0.95 0.94 0.94 0.94 0.94 0.32 0*33 0.40 0.40 0.36
21 0*92 0.94 - - 0.93 0.35 0.35 mm 0.35
30 0.91 0.93 m 0.92 0.37 0.38 m - 0.38
AO 0.94 0.92 ■» - 0.93 0.40 0.40 m mm 0*40
60 0.96 0.95 - - 0.96 0.44 0.44 - - 0.44
80 0.94 0.95 - - 0.95 0.47 0.46 mm 0.47
100 0.93 0.94 - - 0.94 0.44 0.48 mm 0.46
The above results are plotted in Fig# VIII*
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TABLE V
R-VAUES OF P-AMIWO-AZOBEmtJE IST M U T E  ETHER
The concentration of the P-aminoazobenzene solution was 0.01 88.
Temperature
<°c.) I XI
Rf
XIX X? Aver. I
H
11 i n IV Aver.
-50 0.23 0.23 0.22 0.20 0.22 0.04 0.04 0.03 0.03 0.04
•30 0.25 0.23 0*21 0.20 0.22 0.04 0.04 0.03 0.03 0.04
-10 0,24 0.24 0.20 0.20 0.22 0.04 0.04 0.03 0.03 0.04
10 0.21 0.21 0.20 0.20 0.21 0.04 0.04 0.04 0.03 0.04
23 0.20 0.20 - 0.20 0.03 0.C3 a 0.03
30* 0.20 C.21 - - 0.21 0.04 0.03 - • • 0.04
AO* 0.23 0.21 - - 0.22 0.10 0*0 B - 0.09
60* 0.23 0.20 * * «» 0.22 0.10 0.10 • 0.10
BO* # 0.20 0.22 - - 0.21 0.10 0.10 i - 0.10
100* § 0.2C 0.20 - 0.20 0.10 0.10 0.10
* A red zone appeared at the top of the column, and it did not move down­
ward. It seemed to indicate a decomposition or isomerization of the
adsorptive.
# The zone was too diffuse to permit the third reading, so the average
was taken from the first two readings.
The above results are plotted in Fig. IX.
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T4BI& VI
R-VAIifiSS OF P-HIDRCXmSORENME IN M-BUTYL ETtHSR
The concentration of the p-hydroxyazobenzene solution was 0*01 M.
Temperature
(° c*) I
Rf
II Average 1
Rt
11 Average
•50 0.78 0.79 0.79 0*44 0.45 0.45
•30 0.68 0.68 0.68 0.37 0.37 0.37
-10 0.59 0.62 0.61 0.36 0.36 0.36
10 0.56 0.59 0.58 0.33 0.32 0.33
30 0.50 0.54 0.52 0.27 0.30 0*29
40 0.51 0.54 0.53 0.31 0.30 0.31
50 0.52 0.52 0.52 0.34 0.30 0.32
60 0.51 0.53 0.52 0.32 0.34 0.33
80 0.52 0*54 0.53 0.35 0.35 0.35
100 0.50 0.56 0*53 0.40 0*40 0.40
120* 0.53 0.52 0.53 0.40 0.40 0.40
* The top of the column rose about 3 nan*
The above results are plotted in Fig* X*
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TABLE VII
R-VALUES OF P-H3©RCmZOBErTZFJ® XH ISO-FRQFYL FTHKR
The concentration of the p-hydroxyaz ob© nzene solution was 0*01 M.
Temperature
<° c.) I II
E t
III Aver* X
Rt
II III Aver.
-50 0.87 0.85 0.88 0.87 0.44 0.44 o .u O.U
-30 0.87 0.86 - 0.87 0.49 0.44 eik 0.47
-10 0.80 0.86 0.80 0.82 0.51 0.51 0.51 0.51
10 0.78 0.78 - 0.78 0.49 0.49 - 0*49
25 0.78 0.78 40 0.78 0.49 0.49 - 0.49
35 0.76 0.76 0.76 0.49 0.49 m 0.49
50 0.78 0.76 - 0.77 0.50 0.49 m 0.50
The above results are plotted in Fig* XX
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TABLE VIII
R-VALUSS Of 1, ^0IBtJTYL-AMIWO-A?mmOQlTIWO?ifE IN TI~BtJTYL ETHER 
The concentration of the 1, 4“dibutyl-arolnQ-anthroqiiAnone solution was 0*0001 M,
Temperature
(*c.) I
Rf
II Average I
H
n Average
-50 1*00 1.00 1* 00 0.40 0.38 0.39
-30 0*93 0*95 0.94 0*36 0.35 0.36
-10 0.80 0.80 0.80 0.40 0.39 0*40
10 0.68 0*68 0.68 0.40 0.40 0.40
21 0.62 0*62 0.62 0.35 0.38 0.37
30 0.62 0.64 0.63 0*40 0.42 0.41
AO 0*63 0.63 0.63 0.43 0.43 0.43
At higher temperature the color of the zone was fading* At 60° C., 
the color of the zone was so faint that it was unable to take the reading* 
This fading of the color seemed to indicate isomerization of the adsorptive*
The above results are plotted in Fig. XII*
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DISCUSSION
The work of LeRosen and coworkera (19) has Indicated that adsorption 
on the usual adsorbents, excluding charcoal (6), Is generally due to 
chemical interactions between the adsorptive and the adsorbent* When 
silicic acid is the adsorbent, it is thought to be due mainly to the for­
mation of a h;drogen bond between an electron pair donor and a hydrogen 
atom* Consequently, the functional group of an organic molecule is of 
primary importance in adsorption (26)* These interactions might be ex­
plained on the basis of the relative electron-donating and electron-ac­
cepting tendencies of the adsorbent and of the functional group of the 
adsorptive (13)* Elder and Springer (9) have successfully explained 
certain phases of the adsorption of fatty acids on siliea gel by postu­
lating the occurrence of hydrogen bonds* Sehroeder (2$) has correlated 
qualitatively the relative adsorption affinities on silicic acid of cer­
tain derivatives of diphenyl-amine and N-ethylani 11 n© with the relative 
strength of hydrogen bonds which can be foimedj by assuming that the ad­
sorption takes place primarily through hydrogen-bonding*
The relative adsorption affinity is related to the strength of the 
hydrogen bonds, which is influenced by such factors as side chain (18, 26), 
intramolecular hydrogen-bonding, the contribution of various resonance 
structures of the molecule and the effect of other groups upon such 
resonance structures and functional groups (25)*
The exact structure of silicic acid is not known* However, there 
is evidence to indicate that It exists as shown below (21)* It may
— S i * *
act as an electron donor and/or a hydrogen donor In hydrogen bond for- 
nation* The electron density around the oxygen atom may be increased by 
the resonance effect as shown in the following formula* This change
in electron density would increase the strength of the hydrogen bond 
formed through th© oxygen* The same result may be arrived at by another 
approach. Silicon is loss electronegative than oxygen | thus* the elec­
trons joining th© silicon and oxygen will H ©  closer to th© oxygen* 
Therefore, the oxygen would have a strong attraction for proton and 
should lend itself readily to hydrogen-bonding*
It is apparent that the spatial structure of an adsorbent is an Im­
portant factor in influencing th© adsorption* However, no information 
is available about th© spatial structure of the silicic acid* It may 
be postulated that the structure of th© silicic acid contains capillary 
openings which hold ’free water”• It follows that many of the hydroxyl
groups are necessarily on the surface of th© capillaries* However, it
could not be inferred that all th© hydroxyl groups are on the surface, 
since there are so many of them. They must be distributed throughout the 
network structure*
There m a y  be a possibility of hydrogen bond formation among th© 
hydroxyl groups of the silicic acid* When a solution is put in contact
with the silicic acid, in addition to the hydrogen-bonding effects pro­
duced in the solution and within the silicic acid Itself, there Is a 
silicic acid-solute and silicic acid-solvent competition* It Is apparent 
that the amount of the solute adsorbed by the silicic acid Is dependent
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on th© equilibrium set up among thee© different effects. This in turn 
depends mainly on the relative strength of the different hydrogen bonds*
In general, chromatographic adsorption may he expressed by th© follow­
ing equilibriums
A
^ Adsorptive 
I
Adsorbent ^  i C
Solvent
B
A, B and C represent hydrogen bonds formed among the constituents. 
A-bonding is related to th© "adsorption affinity1* of the adsorptive, B- 
bonding to the "competition effect" and C-bonding to th© "solvation ef­
fect*. The "competition effect* and the "solvation effect* may be to­
gether called the "solvent effect"• The "competition effect" is one 
of the competitors for the adsorption sites between the adsorptive and 
the solvent, decreasing the adsorption. The "solvation effect" results 
from the attraction of the solvent for the adsorptive and tends to pull 
the a, sorptive away from the adsorbent or to keep it in solution. These 
two effects augment each other. If a non-polar solvent, such as benzene 
is used, there will be no B and C bonding* The adsorption will be mainly 
dependent on A. If polar solvents are used, such as the ethers used In 
the present work, A, B and C are involved*
The relative strength of a bond is generally expressed by bond 
energy, i.e., the mean energy required to break a bor-d of a particular 
type. The hydrogen bond energies are usually between 2 to 8 Kcal. per 
mole, depending on the electronegativities of the two elements concerned. 
These values, very small compared with those of the ordinary valence bonds, 
account for the relative ease with which the hydrogen bonds are broken
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as the temperature is raised (10, 23)* Since the hydrogen bonds are 
weakened as the temperature Is increased, it is to b© expected that the 
K-value will increase with increasing temperature in systems using non­
polar solvents*
The oxygen atom of diphenyl ether presents a possibility for th© 
formation of hydrogen bonds between solvent and adsorbent, although ex­
perimental evidence indicates that this effect is of little or no signi­
ficance • This m y  be due to the steric effect of the two phenyl groups* 
LeRoser (20) reported an Rf of 0,£2 for asohonz^ne on silicic acid at 
room temperature, using benzene as solvent* Compared with th® of 
0,£1 obtained in th© present work at 30#C,, this seems to indicate that 
the above postulation is correct* In other words, th© experiments with 
sudan III, p-hydroxyazohenzene and azobensene using diphenyl ether 
could, in effect, be considered as systems in a non-polar solvent, As 
shown in Fig* IIXX, R-values of all these three systems increased with 
the increasing temperature*
A*obenzene was weakly adsorbed, sudan XIX was moderately adsorbed, 
while p-hydroxyazcbenzene was strongly adsorbed in the systems using 
diphenyl ether. This difference may be explained by the difference in 
their structures. With azobenzene, the hydrogen bond was assumed to be 
formed
between the nitrogen atom® of the azagroup and the hydrogen atom of si­
licic acid* The result® indicated that these bonds were weak and easily 
broken as the temperature increased. At 100°C*, the value was in­
creased to 0*99* This seemed to indicate that th© hydrogen bonds were 
unstable at that temperature* The steric effect of the two phenyl groups 
may also hinder or weaken such bondings*
With p-hydroxyazohenzene, a hydrogen bond is formed between the 
oxygen atom of silicic acid and the hydroxyl group, in addition to those 
formed between the aaogroup and the adsorbent* Th® resonance effect, 
as shown in the following formula, may also strengthen th© hydrogen bond*
Th© formal positive charge on the oxygen atcm increases its power to 
repel its hydrogen atom, strengthening the hydrogen bond with th© oxygen 
atom of the silicic acid* In the silicic acid-benzen© system, phenol 
has a Hf value of 0*27 while azobenzene has a Hf value of 0.82 (20)*
These results seem to indicate that th© hydrogen bond formed through 
the hydroxy group is much stronger than that formed through th© azogroup. 
This would account for the strong adsorption of th© p-hydroxyazobenzen©.
In sudan III, there are two azogroups and on© hydroxyl group* More 
hydrogen bonds are possible with silicic acid, and it might, consequently, 
be more strongly adsorbed than the p-hydroxyazobenzen®* On the other 
hand, an introaolecular hydrogen bond is possible between the hydrogen 
atom of the hydroxyl group and one nitrogen atom of th© adjoining azo~ 
group, as shown in the following formula# If the hydrogen atom of the 
hydroxyl group is completely tied up by the nitrogen atom, there would be
three nitrogen atoms of the azogroups left which are capable of forming 
hydrogen bonds with silicic acid and an E-value close to that of azo­
benzene would be expected* The results show that sudan XII has an R- 
value between that of azobenzene and p-hydroxyazobenzene • This may he 
due to the fact that a competition existed for that hydrogen between the 
nitrogen atom of the azogroup of the sudan III and the oxygen atom of 
the silicic acid, as designated by of and^? in the above formula*
The two hydrogen bonds, c< and ^  , of the sudan III have opposite 
effects on adsorption when they are weakened or broken as the tempo ra- 
ture is increased* When is broken, th© adsorption is decreased, giving 
a high R-value* When^jJ Is broken, the adsorption is increased, giving 
a low R-value. The results seemed to indicate that o( is weaker than/^ , 
as shown by the increase of the E-value when the temperature was in­
creased. This may ’ e due to the fact that o( is hindered by th© sterio 
effect of the adjoining phenyl ring or the large size of the whole mole­
cule; while is not affected by this steric effect* LeRosen (20) 
reported Rf values of 0.6^ and 0.32 for o-hydroxydiphenyl and p-hydroxy- 
diphenyl, using benzene as solvent. This demonstrated clearly the steric 
effect of the phenyl ring.
’t
The concentration of the adsorbed adsorptive on the adsorbent at 
the front edge of the zone Is higher than that at the trailing edge of 
the zone* This is evidenced by the decrease In color intensity toward th© 
trailing edge. Because of the higher concentration, the adsorbed molecules
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of the adsorptive at th© front edge would be comparatively easier to 
get away from the adsorbent than those at the trailing edge. As soon as 
an adsorptive molecule is liberated at the front edge it is confronted 
by a fresh adsorption surface, so that th© front edge may be considered 
to move by "tumbling” th© molecules near that edge* Near the trailing 
edge, a molecule is liberated with greater difficulty because of the 
lower concentration of adsorptive molecules on the adsorbent surface, 
and it is not so readily readsorbed because the next adsorbent area 
encountered is already populated. Therefore, there is a tendency of all 
zones to spread but the tendency is less in the case of strong adsorp­
tion than in the case of weak adsorption* This may account for the re­
sults (as shown in Fig. V, VI and VII) that, when compared at the same 
temperature, the width of the zone of the more strongly adsorbed substance 
was narrower.
Both sudan I H  and p-hydroxyazobenzen© (Fig* VI and VII) showed a 
widening of zone as the temperature was increased* This may be ex­
plained as due to the fact that, as temperature was Increased, the 
quantity of the adsorptive remained the same while the adsorption was 
decreased; therefore, a larger area of the adsorbent had to be occupied* 
Azobenzene showed a narrowing of zone (Fig* V) as the temperature was 
Increased* This was probably due to the fact that s the temperature
9
was increased to 100 C*, reached a limiting value while th© rate of 
movement of the trailing edge still increased*
The values obtained with p-hydroxyazobenzen© In solvents diphenyl 
ether, n-butyl ether and ieo-propyl ether are plotted for comparison 
in Fig. XTV. It will ©^ noted that p-hydroxyazobensene was more strongly
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adsorbed in diphenyl other than in th© n-butyl ether. This may be due 
to the fact that the oxygen atom in th© n-butyl ether is more exposed 
and therefore available for the formation of hydrogen bonds with silicic 
acid or the p-hydroxazobsnaene. In other words, both th© "competition1 
and "solvation1* effects are stronger in the n-butyl ether. This may ac­
count for the higher K-value obtained in n-butyl ether*
In comparing iso-propyl ether and n-butyl ether, the branched iso­
propyl group seems to have some steric effect with respect to formation 
of hydrogen bonds with the oxygen atom. By th© same reasoning as that 
of the previous paragraph, a lower R-value would be expected when iso- 
propyl ether was used as a solvent. However, the results are to the 
contrary. This may be explained by the inductive effect, as shown in 
the following formula. The methyl group is an electron repelling group. 
As a result of this inductive effect the electron
density at the oxygen atom of the iso-propyl ether is higher than that 
of the n-butyl ether. The inductive effect of the two methyl groups of 
the n-butyl ether on the oxygen atom is very small because its effect 
is greatly reduced by distance. The higher electron density of th© 
oxygen atom of the iso-propyl ether increases its "solvent effect", giv­
ing a higher F-value. The results obtained seemed to indicate that th© 
Inductive effect is nor© than enough to offset th© Increased steric ef­
fect o4' the branched iso-propyl group*
In a system using a polar solvent, th© chromatographic adsorption Is 
dependent on the "adsorption affinity" and th© "solvent effect", which
in turn, are dependent on the strength of hydrogen bonds. As the tem­
perature is increased, both of these two effects will be weakened. If 
"adsorption affinity” is weakened more than the "solvent effect”, the R~ 
value will be increased. Otherwise, the R-value will be decreased. If 
both the "adsorption affinity" and the "solvent effect" are weakened to 
the same extent, the R-value will remain about the same or it will be 
independent of the temperature* The practical constancy of the R-value 
of sudan III, p-aminoazobenzen© and that of p-hydrozyazobenzen© at higher 
temperature range (Fig, VIII, IX and X) Indicate that both the "adsorption 
affinity" and the "solvent effect” were affected by the t©1 perature to 
the same extent. The higher value of the R-value of 1, 4-dibutylamino- 
anthraquinone In n-butyl eth r (Fig. XII), p-hydroxyazobenzene In n-butyl 
ether and iso-propyl ether (Fig. X and II) the lower temperature range 
Indicate that the "adsorption affinity" was weakened to a less extent 
than the "solvent effect" by the increasing temperature.
At very low temperature, the solvent became viscous and the dif­
fusion rate of the adsorptive molecules in the solvent decreased. The 
effect of this low diffusion rate is to hinder the migration of the de­
sorbed molecules to the bulk of the solution. Suppose a molecule of the 
adsorptive at the trailing edge is desorbed. But due to the low diffu­
sion rate, it takes some time for this molecule to migrate into the bulk 
of the solution. When the R-value reading Is taken, this molecule is 
gtill In the immediate neighborhood of the Inst adsorption position.
The result will be a widening of the zone. This may account for the 
curves obtained at low temperature range for p-hydroxyazobonzen© in n-bu­
tyl ether and Iso-butyl ethor (Fig. X and XI), 1, A-dibutylaTalnoanthra- 
quinone in n-butyl ether (Fig. XIII).
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In the three systems investigated by LeRosen and Bivet (17), the 
solvents used were benzene and chloroform# Only the chloroform has a 
possibility of action as a hydrogen donor for the formation of a hydrogen 
bond# However, due to the sterio effect of the three chlorine atoms, the 
possibility may be very small# Although chlorine is very electronegative, 
it is only infrequently involved in hydrogen bond formation; this is at­
tributed to its large atomic size and, hence, the lesser electron den­
sity (10)# Therefore, these three systems could, in effect, be considered 
as systems of non-polar solvents# According to the adsorotion equilibrium 
previously discussed, there are no B and C bondings or there is n© 1 sol­
vent effect1 # An increase of R-value with the increasing temperature would 
be expected. This will account for the increase of R-value with the in­
creasing temperature which they obtained in all three systems#
The investigation of the systems included in the present study was 
necessary to establish the general validity of the treatment proposed 
here# That is to say, the treatment of temperature dependence in terras 
of the proposed A, B and G attractive forces could not he evaluated 
solely on the basis of the work of LoBosen and Rivet.
In addition to the factors already mentioned, the effect of the 
temperature on the adsorption characteristics of silicic acid for both 
adsorptive and solvent, the possible association of adsorptive or solvent 
molecules and the temperature dependence of the solubility of the adsorp­
tive may influence the adsorption chromatographic behaviour# At present, 
however, there Is no direct method to study this problem satisfactorily. 
There are so many factors involved in a chromatographic system that It 
is very difficult to single out one factor :"or study#
uThe results bam been explained qualitatively, on the basis of the 
dynamic qqai librium anong the adsorbent, adsorptive and solvent*
SUMMARY
The R-value of several systems was determined at different tempers- 
® o
tures between -50 and 200 C*, using silicic acid as the adsorbent* The 
results were interpreted by assuming that the adsorption takes place 
primarily through the hydrogen-bonding and it ia affected by the H solva­
tion effect" and the "competition effect" of the solvent# They are to­
gether called "solvent effect"*
In systems using diphenyl ether as solvent, azobanzene, sudan III 
and p-hydroxymsobenzens shoved an increase of R-value with increasing 
temperature* Results indicated that the diphenyl ether had little 
"solvent effect"• This was explained as due to the steric effect of the 
two phenyl groups* The adsorption, in these oases, was dependent on 
the "adsorption affinity" alone* As a result of the weakening of the 
hydrogen bond formed between the silicic acid and the adsorptive by the 
increasing temperature, the K-value increased with the temperature*
Azobenzene was weakly adsorbed, sudan III was moderately adsorbed, 
while p-hydroxyazobenzene was strongly adsorbed, when diphenyl ether 
was used as solvent* This difference was explained by their difference 
in structure, strength of hydrogen bonds formed, resonance effect and 
steric effect*
It was found that the zone width depended on the "strength" of the 
adsorption and that the width of the zone increased with Increasing 
temperature*
The "solvent ef ect" was studied by comparison of the R-values ob­
tained for p-hydroxyazobenzene, using diphenyl ether, n-butyl ether and
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4.6
iso-propyl ether successively as solvents, P-hydroxyazobenzene was 
strongly adsorbed from diphenyl ether, moderately adsorbed from n-butyl 
ether and weakly adsorbed from iso-propyl ether* The "solvent effect** 
os the adsorption was explained by the difference in structure, steric 
effect and inductive effect*
The R-value of sudan III, p-aminoazobenzene and that portion of 
the p-hydroxyazobenzene at higher temperature range in systems using 
n-butyl ether as solvent, was found to be independent of the temperature# 
This was interpreted indicating that the 1 adsorption affinity" and the 
■solvent effect*1 were affected by temperature to the same extent*
A decrease of the R-value for 1, 4-dibutylaminoanthraquinon© in 
n-butyl ether, p-hydroxyasobenzene in n-butyl ether and iso-propyl ether 
was obtained with increasing temperature in the lower temperature range* 
This was interpreted as indicating that the "adsorption affinity" was 
weakened to a less extent than "solvent effect1* by the increasing tem­
perature.
Zones of p-hydroxyasobenzene in n-butyl ether, iso-propyl ether and
1, A-dibutylaminoanthr&quinone in n-butyl ether widened as the tempera-
o
ture was decreased to -50 C, This was explained as due to the effect of 
the low diffusion rate of adsorptive molecules in the solvent at very 
low temperature#
SUGGESTIONS FOE FUTURE STUDY
The trends observed in the investigation reported here are sufficient 
to justify further investigation of the dynamic equilibrium involved 
In chromatographic adsorption* In order to simplify the system suffi­
ciently to permit a quantitative ©valuation of the factors Involved In 
the temperature dependence of the R-value, several subsidiary investiga­
tions are necessary*
Spectroph©tom©trie measurements, with light reflected from the 
column and with light transmitted by the solutions, would establish the 
existence and relative strengths of some of the postulated hydrogen bonds. 
A determination of the temperature dependence of the solubility of the 
adsorptive in the solvent would contribute toward the determination of 
•C* bond strengths* Measurements of the colligative properties of th© 
adsorptive-solvent systems would permit determination of th© degree of 
association, in those systems where this may be a factor* Weights of 
solvent saturated columns as a function of temperature would indicate 
the strength of WBB bonds, if the other pertinent variables of the ad­
sorptive were known or held constant*
In spit© of the common us© of silicic acid as an adsorbent, addi­
tional work should be don© to establish its structure as related to th® . 
mechanism of adsorption* Of particular importance In this respect are 
th© free pore volume, th© nature and extent of the retention of water and 
the characteristics cr identity of the active adsorption centers*
If this Indormation was available, It should be possible to combine 
it with thermodynamics and th© standard equations of adsorption to eval­
uate the R-value mathematically in terms of th© pertinent factors.
m
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